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In the first Lecture, the Big Bang and the Standard Model of particle physics
are introduced, as well as the structure of the latter and open issues beyond it.
Neutrino physics is discussed in the second Lecture, with emphasis on models for
neutrino masses and oscillations. The third Lecture is devoted to supersymmetry,
including the prospects for discovering it at accelerators or as cold dark matter.
Inflation is reviewed from the viewpoint of particle physics in the fourth Lecture,
including simple models with a single scalar inflaton field: the possibility that
this might be a sneutrino is proposed. Finally, the fifth Lecture is devoted to
topics further beyond the Standard Model, such as grand unification, baryo- and
leptogenesis - that might be due to sneutrino inflaton decays - and ultra-high-
energy cosmic rays - that might be due to the decays of metastable superheavy
dark matter particles.
Lectures presented at the Australian National University Summer School on the
New Cosmology, Canberra, January 2003
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1 Introduction to the Standard Models
1.1 The Big Bang and Particle Physics
The Universe is currently expanding almost homogeneously and isotropically, as
discovered by Hubble, and the radiation it contains is cooling as it expands adia-
batically:
a× T ≃ Constant, (1)
where a is the scale factor of the Universe and T is the temperature. There are
two important pieces of evidence that the scale factor of the Universe was once
much smaller than it is today, and correspondingly that its temperature was much
higher. One is the Cosmic Microwave Background 1, which bathes us in photons
with a density
nγ ≃ 400 cm−3, (2)
with an effective temperature T ≃ 2.7 K. These photons were released when elec-
trons and nuclei combined to form atoms, when the Universe was some 3000 times
hotter and the scale factor correspondingly 3000 times smaller than it is today. The
second is the agreement of the Abundances of Light Elements 2, in particular those
of 4He, Deuterium and 6Li, with calculations of cosmological nucelosynthesis. For
these elements to have been produced by nuclear fusion, the Universe must once
have been some 109 times hotter and smaller than it is today.
During this epoch of the history of the Universe, its energy density would have
been dominated by relativistic particles such as photons and neutrinos, in which
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case the age t of the Universe is given approximately by
t ∝ a2 ∝ 1
T 2
. (3)
The constant of proportionality between time and temperature is such that t ≃
1 second when the temperature T ≃ 1 MeV, near the start of cosmological nucle-
osynthesis. Since typical particle energies in a thermal plasma are O(T ), and the
Boltzmann distribution guarantees large densities of particles weighing O(T ), the
history of the earlier Universe when T > O(1) MeV was dominated by elementary
particles weighing an MeV or more 3.
The landmarks in the history of the Universe during its first second presumably
included the epoch when protons and neutrons were created out of quarks, when
T ∼ 200 MeV and t ∼ 10−5 s. Prior to that, there was an epoch when the
symmetry between weak and electromagnetic interactions was broken, when T ∼
100 GeV and t ∼ 10−10 s. Laboratory experiments with accelerators have already
explored physics at energies E <∼ 100 GeV, and the energy range E <∼ 1000 GeV,
corresponding to the history of the Universe when t >∼ 10−12 s, will be explored at
CERN’s LHC accelerator that is scheduled to start operation in 2007 4. Our ideas
about physics at earlier epochs are necessarily more speculative, but one possibility
is that there was an inflationary epoch when the age of the Universe was somewhere
between 10−40 and 10−30 s.
We return later to possible experimental probes of the physics of these early
epochs, but first we review the Standard Model of particle physics, which underlies
our description of the Universe since it was 10−10 s old.
1.2 Summary of the Standard Model of Particle Physics
The Standard Model of particle physics has been established by a series of exper-
iments and theoretical developments over the past century 5, including:
• 1897 - The discovery of the electron;
• 1910 - The discovery of the nucleus;
• 1930 - The nucleus found to be made of protons and neutrons; neutrino pos-
tulated;
• 1936 - The muon discovered;
• 1947 - Pion and strange particles discovered;
• 1950’s - Many strongly-interacting particles discovered;
• 1964 - Quarks proposed;
• 1967 - The Standard Model proposed;
• 1973 - Neutral weak interactions discovered;
• 1974 - The charm quark discovered;
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• 1975 - The τ lepton discovered;
• 1977 - The bottom quark discovered;
• 1979 - The gluon discovered;
• 1983 - The intermediate W±, Z0 bosons discovered;
• 1989 - Three neutrino species counted;
• 1994 - The top quark discovered;
• 1998 - Neutrino oscillations discovered.
All the above historical steps, apart from the last (which was made with neutri-
nos from astrophysical sources), fit within the Standard Model, and the Standard
Model continues to survive all experimental tests at accelerators.
The Standard Model contains the following set of spin-1/2 matter particles:
Leptons :
(
νe
e
)
,
(
νµ
µ
)
,
(
ντ
τ
)
(4)
Quarks :
(
u
d
)
,
(
c
s
)
,
(
b
t
)
(5)
We know from experiments at CERN’s LEP accelerator in 1989 that there can there
can only be three neutrinos 6:
Nν = 2.9841± 0.0083, (6)
which is a couple of standard deviations below 3, but that cannot be considered
a significant discrepancy. I had always hoped that Nν might turn out to be non-
integer: Nν = π would have been good, and Nν = e would have been even better,
but this was not to be! The constraint (6) is also important for possible physics
beyond the Standard Model, such as supersymmetry as we discuss later. The
measurement (6) implies, by extension, that there can only be three charged leptons
and hence no more quarks, by analogy and in order to preserve the calculability of
the Standard Model 7.
The forces between these matter particles are carried by spin-1 bosons: electro-
magnetism by the familiar massless photon γ, the weak interactions by the massive
intermediate W± and Z0 bosons that weigh ≃ 80, 91 GeV, respectively, and the
strong interactions by the massless gluon. Among the key objectives of particle
physics are attempts to unify these different interactions, and to explain the very
different masses of the various matter particles and spin-1 bosons.
Since the Standard Model is the rock on which our quest for new physics must
be built, we now review its basic features 5 and examine whether its successes offer
any hint of the direction in which to search for new physics. Let us first recall the
structure of the charged-current weak interactions, which have the current-current
form:
1
4
Lcc = GF√
2
J+µ J
−µ, (7)
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where the charged currents violate parity maximally:
J+µ = Σℓ=e,µ,τ ℓ¯γµ(1− γ5)νℓ + similarly for quarks. (8)
The charged current (8) can be interpreted as a generator of a weak SU(2) isospin
symmetry acting on the matter-particle doublets in (5). The matter fermions with
left-handed helicities are doublets of this weak SU(2), whereas the right-handed
matter fermions are singlets. It was suggested already in the 1930’s, and with more
conviction in the 1960’s, that the structure (8) could most naturally be obtained
by exchanging massive W± vector bosons with coupling g and mass mW :
GF√
2
≡ g
2
8m2W
. (9)
In 1973, neutral weak interactions with an analogous current-current structure were
discovered at CERN:
1
4
LNC = G
NC
F√
2
J0µ J
µ0, (10)
and it was natural to suggest that these might also be carried by massive neutral
vector bosons Z0.
The W± and Z0 bosons were discovered at CERN in 1983, so let us now review
the theory of them, as well as the Higgs mechanism of spontaneous symmetry break-
ing by which we believe they acquire masses 8. The vector bosons are described by
the Lagrangian
L = −1
4
GiµνG
iµν − 1
4
FµνF
µν (11)
where Giµν ≡ ∂µW iν−∂νW iµ+ igǫijkW jµW kν is the field strength for the SU(2) vector
boson W iµ, and Fµν ≡ ∂µW iν − ∂νW iµ is the field strength for a U(1) vector boson
Bµ that is needed when we incorporate electromagnetism. The Lagrangian (11)
contains bilinear terms that yield the boson propagators, and also trilinear and
quartic vector-boson interactions.
The vector bosons couple to quarks and leptons via
LF = −
∑
f
i
[
f¯Lγ
µDµfL + f¯Rγ
µDµfR
]
(12)
where the Dµ are covariant derivatives:
Dµ ≡ ∂µ − i g σi W iµ − i g′ Y Bµ (13)
The SU(2) piece appears only for the left-handed fermions fL, whereas the U(1) vec-
tor boson Bµ couples to both left- and right-handed compnents, via their respective
hypercharges Y .
The origin of all the masses in the Standard Model is postulated to be a weak
doublet of scalar Higgs fields, whose kinetic term in the Lagrangian is
Lφ = −|Dµφ|2 (14)
and which has the magic potential:
LV = −V (φ) : V (φ) = −µ2φ†φ+ λ
2
(φ†φ)2 (15)
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